Continuous crystallization processes achieving the complete resolution of racemic feed mixtures of conglomerate forming substances are presented. The processes considered rely on the principles of preferential crystallization or attrition-enhanced deracemization (Viedma ripening). A single mechanistic population balance model is shown to describe both operating modes. For the case of isothermal Viedma ripening, a shortcut method is introduced that allows the rapid and computationally efficient design of processes using a single or multiple ripening stages. The achievable productivity and enantiomeric purity are determined for all process variants in a wide range of operating conditions and Pareto optimal operating points are identified. Since our results are obtained with a consistent set of kinetics for all operating modes, an unbiased comparison is enabled. It is shown that the productivity of the ripening process can be improved by using cascades of multiple crystallizers, but that the preferential crystallization process still achieves higher productivity at full enantiomeric purity.
Introduction
Different enantiomers of the same substance can exhibit different effects on biological systems 1 . Since most newly approved drugs are chiral 2 , manufacturing processes delivering chirally pure substances are important 3 . Several pathways towards enantiomerically pure products exist, either by avoiding the formation of unwanted enantiomers, e.g., through asymmetric synthesis or by using starting materials with the desired chirality, or by a separation process. A variety of such enantiomer separation processes are used industrially and have been well reported in the literature 4 ; among them are chromatography 5, 6 , membrane processes 7 , and liquid-liquid extraction 8 . However, the mentioned processes typically deliver the product in diluted form in the liquid phase, so that they are often followed by a crystallization process that delivers the ultimately desired solid product. When instead designing a crystallization process to directly deliver enantiomerically pure solids from an enantiomerically impure starting point, the key aspects to consider are the underlying phase diagram, the ability of the enantiomers to form diastereomeric salts or co-crystals using chiral auxiliaries, as well as the composition of the feed mixture 9, 10 . In this work, we consider crystallization processes that resolve conglomerate forming systems of enantiomers from a racemic feed mixture. Contrary to racemic compound forming systems, there is no thermodynamically stable form containing both enantiomers in the crystal lattice in conglomerate systems. However, macroscopic mixtures of crystals of the two enantiomers can form in a process.
For conglomerates two major crystallization process variants have been widely reported in the literature: preferential crystallization (PC) and Viedma ripening (VR). In PC 9, 11 enantiopure seeds are preferentially grown to larger size from a supersaturated solution, while the counter enantiomer (distomer) remains in solution. Carried out in a batch, such a process must be stopped before the distomer nucleates to guarantee product purity. Viedma ripening 12 in contrast proceeds close to equilibrium and achieves complete resolution of an initially (nearly) racemic solid mixture by a complex interplay of crystal breakage/grinding, Ostwald ripening, crystal agglomeration and a racemization reaction in solution 13, 14 . While the racemization reaction in the liquid phase is a prerequisite for VR to work, it is noteworthy that including a racemization reaction in a preferential crystallization process enables complete resolution and 100% yield (if appropriate recycling operations are included in the overall process); without a racemization reaction the distomer is invariably a waste product.
In recent years, a potpourri of improved process variants involving either preferential crystallization, Viedma ripening, or combinations thereof have been reported in the literature, both operated in batch, as well as continuously. Studies on preferential crystallization were mainly focussed on introducing novel processing schemes to improve process stability, e.g.
by avoiding nucleation of the counter enantiomer [15] [16] [17] , enabled continuous operation, e.g., coupled mixed suspension mixed product removal crystallizer (C-MSMPRC) configurations to lower the counter enantiomer supersaturation [18] [19] [20] , or on evaluating/improving process performance, e.g., by continuous seeding, adding an attrition unit, or a fines dissolution unit. [21] [22] [23] [24] The focal points of studies on Viedma ripening were often placed on mechanistic aspects 12, 14, 25 , on widening the scope of its application (new classes of compounds 26 , metastable solid phases 27 , etc.), as well as exploring different operating modes (involving grinding [28] [29] [30] , sonication 31 , temperature cycling 32, 33 or combinations thereof).
While demonstrating the feasibility as well as improving the robustness of a given process are important first steps, key performance indicators (KPIs), such as the attainable purity, the productivity, the process complexity, and the amount of waste generated per product formed need to be considered when deciding which process is used in manufacturing. In that respect, it is noteworthy that only a few of the recent studies targeting the resolution of enantiomers by crystallization have reported the productivity of the chosen process (a few examples are available for preferential crystallization in coupled systems 16, 17 and in fluidized bed crystallizers (FBC) 24 ), and equally few have attempted to rigorously optimize a given process including analyzing tradeoffs between KPIs 10,34 . The KPIs mentioned above are often in competition with each other and are dictated by the kinetics and thermodynam-ics of the substances involved, the process configuration, the operating parameters (batch time/residence time, feed concentration/initial concentration, etc.) and possible operational constraints (such as minimum and maximum temperatures, as well as maximum allowable suspension density in the crystallizer) 10, 34, 35 .
To showcase how widely the productivity of the processes reported in the recent literature varies, an overview is provided in Table 1 . A direct comparison between these processes is not possible, since the studies often do not feature the same substance system (and are therefore subject to different kinetics). Furthermore, the reported processes were rarely rigorously optimized with a set of KPIs in mind. Our recent model-based study 36 is no exception in that respect, because we placed our emphasis on feasibility and analyzed the possible steady states, rather than optimizing the KPIs and evaluating tradeoffs between them.
The goal of the present article is to analyze the tradeoff between two KPIs, productivity and enantiomeric purity, for continuous PC and VR processes, both involving racemization reactions. We thus aim to identify Pareto optimal operating points for all process configurations considered in this article. An operating point for a given process configuration is considered to be Pareto optimal when none of the KPIs can be enhanced without sacrificing performance in another. In the context of this article, this means that we establish operating points where productivity cannot be increased without sacrificing enantiomeric purity (and vice versa).
The remainder of this article is structured as follows: first, we present the process configurations considered. Second, we introduce a detailed population balance equation model that is able to describe all process configurations consistently. Third, to avoid the computational expense that is associated with the detailed population balance model (when it would be used for the optimization and evaluation of multiple process configurations), we propose and validate a novel shortcut method for isothermal VR processes. Using both methods, Paretooptimal results for all process configurations are then reported in the results section. Lastly, differences in performance among the process configurations are highlighted and conclusions Where the original authors have not reported the productivity themselves, we calculated it using the methodology outlined in the supporting information; we always picked the best case scenario reported in each article. ‡ acronyms used: VR: Viedma ripening, C-SBC: coupled semi-batch crystallizer, PC: preferential crystallization, MSM-PRC: mixed suspension mixed product removal crystallizer, C-FBC: fluidized bed crystallizer Model-based study about the suitability of each process configuration are presented.
Process variants and performance metrics
Two main process types accomplishing the separation of racemic conglomerates are considered here: a continuous preferential crystallization process (Figure 1 (A) ) and a continuous
Viedma ripening process (Figure 1 (B) ). We have designed both processes to start from a racemic feed solution and to be fully integrated, so that under ideal operation no waste is generated, all product is recovered and all distomer molecules are converted to the desired enantiomer. The latter requires a liquid phase racemization reaction, which is optional in regular PC, but required for VR, and appropriate mother liquor recycling as shown in Fig This has been drawn as a generic "solute concentrator" unit, which could be a distillation unit or a membrane process preferentially removing solvent.
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In Figure 1 (B) we introduce a flowsheet where a pre-crystallization step is followed by one ore more ripening stages that successively increase the enantiomeric excess. The pre-6 crystallization stage is run in such a way as to obtain maximum productivity regardless of enantiomeric purity, i.e., it generates a racemic mixture of crystals. After the filtration unit, the mother liquor is treated using a solute concentrator, as described for flowsheet (A), and recycled into the pre-crystallizer. Running the pre-crystallization step in this way allows choosing the suspension density for the following ripening stages (up to a maximum operatable/stirrable level). As is typical for VR, the ripening stages operate close to equilibrium in terms of liquid phase concentration, but with successively increasing enantiomeric excess in the solid phase. After the ripening stage(s), a second filtration unit is included in the flowsheet, where the final solid product is obtained and the mother liquor is recycled back to the first ripening stage. In terms of productivity, it can be advantageous to bypass racemic solids directly from the pre-crystallization stage and blend them with the enriched product of the last ripening stage, i.e., essentially sacrificing purity for productivity.
When comparing both flowsheets, we realize that flowsheet (B) requires an additional filtration unit. Operating only one filtration unit at the end of the process chain in flowsheet (B) would be possible, however, one would relinquish control over the suspension density in the ripening stages, because the suspension density is then determined in the pre-crystallization stage. We also note that, for a recycle to work, both process flowsheets require a solute concentrator to be in operation. Since one would have to remove similar amounts of solvent in both processing flowsheets (presuming that the feed originates from the same chemical synthesis steps), we expect that this unit would affect the productivity of flowsheet (A) and (B) similarly; its operation would therefore not be a deciding criterion to choose among the two processes.
Naturally, there are operational constraints on continuously operated units, and constraints of thermal stability of product molecules and catalyst, fouling, etc. 23, 36 that would need to be considered. Additionally, when working with more complex mixtures (i.e., more components than the two enantiomers and a solvent), purge streams might be necessary to prevent the buildup of impurities, however, we have not included them in Figure 1 for the 7 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 sake of simplicity.
In the subsequent sections, we will generate Pareto-optimal process configurations with respect to enantiomeric purity and productivity for both process types. To reach this goal we optimize the suspension density and the residence times in the ripening stages of flowsheet (B) and the feed concentration and residence time of the MSMPRC in flowsheet (A).
We quantify the productivity, P , of the process variants, in terms of the mass of solids produced per time per volume of all crystallizers:
where the volumes of the ancillary units have been neglected, as they are roughly equal between the different process variants. For the continuous crystallization processes discussed above, this can be conveniently calculated using the suspension density in the last crystallizer and the sum of their residence times, i.e.:
where ρ sus is the suspension density and τ i the residence time in the i-th crystallizer. On the right hand side of Eq. (2), we have expressed the suspension density with quantities directly appearing in the population balance equation model presented below. µ 3,j is the third moment of the particle size distribution of enantiomer j in the last crystallizer, k v is the volumetric shape factor of the particles in the crystallizer and ρ c is the crystal density (here chosen to be π/6 and 1568 kg m −3 , respectively). The definition of the third moment of the particle size distribution is: where n j is number density distribution of the crystals of enantiomer j in the crystallizer and L is the characteristic length of the particles. To quantify the enantiomeric purity of the solids, we use the enantiomeric excess, e.e.:
e.e.
Note that we defined the productivity in this work including both enantiomers, however, the production rate of only the desired enantiomer, say S, can be calculated from this by:
Apart from enantiomeric purity and productivity, a complete process evaluation would also account for process complexity and maturity, operation cost (energy consumption, etc.), robustness, maintenance needs, as well as equipment costs. However, such an analysis is strongly process and product specific and lies outside the scope of this work.
Process model
In order to study the behavior of the above processes, population balance equations (PBEs) can be used. For each crystallizer in the flowsheets, two population balance equations, one for each enantiomer, are coupled with the respective mass balances for the liquid phase. The literature on Viedma ripening 13, 14, 36 suggests that the PBEs must be able to describe Ostwald ripening (size-dependent growth and dissolution), crystal breakage, and agglomeration, and 
where n j (L, t) is the number density distribution of crystals of enantiomer j in the crystallizer, L is the characteristic length of the crystals, G is the size-dependent growth rate (used Table 2 . The kinetic constants were selected to be in the right order of magnitude to yield realistic ripening times and growth rates, as discussed in 36 . They do not, however, represent a specific model substance. The material balances can be written as:
where k r is the rate constant of the first order racemization reaction that occurs in the liquid phase. Eqs. (6) and (7) describe the dynamics of a single crystallizer (the indices to identify the i-th crystallizer were not included for the sake of simplicity). Therefore, for each crystallizer in the flowsheet two population balance equations and two material balances need 11 
to be solved. Note that we have not spelt out the in-and outflow terms of the crystallizer in Eqs. (6) and (7) as they are changing from case to case in the above flowsheets.
Since our focus in this work is on the analysis of the crystallization process, we are using simple models to describe the ancillary processing units (filtration, solute concentrator). The separation of liquid and solid in the filtration unit is assumed to be 100%, i.e., without loss of solution in the solid product. In the solvent removal unit we assume that 50% of the solvent in the incoming stream is selectively removed.
The PBEs above are discretized into size intervals using a central finite difference method.
In order to guarantee the fulfillment of an overall mass balance to within 1% error, the number of size intervals, N , was chosen to be 200-600 per population (the higher number of intervals is required for flowsheet (B)). The resulting sets of ordinary differential equations were then solved using the built-in ode15s solver in MATLAB2016a on a Windows work station with an i7 5820K at 3.3 GHz processor and 32 GB RAM. To solve a process of type (B)
with one ripening stage until steady state conditions were reached required a computational time in the order of 10 hours -and longer in the case of multiple ripening stages. Clearly, the evaluation of many such cases in the context of an optimization quickly becomes computationally unreasonable. This has prompted us to develop a much faster shortcut method that allows the rapid evaluation of productivity and enantiomeric purity for flowsheets of type (B).
4 Shortcut method
Methodology
The full population balance equation model becomes computationally intensive for long residence times and for multiple crystallizers in series, not even accounting for the kinetic parameter estimation experiments. The completely model-free alternative, i.e., experimentally screening all process conditions using a full factorial design and including multiple process configurations, would be even worse from a time and material consumption standpoint. This motivated us to consider the development of a shortcut design method for process flowsheets of type (B). To arrive at such a method, we first recall that a solution to the PBE model (Eqs. (6) and (7)) yields knowledge of the full particle size distribution for both enantiomers at every instant of time. Such detailed information is not always needed to perform a productivity and purity analysis. It therefore makes sense to create a reduced model that only describes the quantities we are chiefly interested in. Expressing, for example, the evolution of the e.e. in a batch crystallizer, we could write
, all kinetics) with j, k ∈ {R,S} and j = k
where n 0,j is the initial size distribution of particles of enantiomer j. In both Eq. (8) f is a complex function depending on the kinetics of all mechanisms involved, on the PSDs of both enantiomers and also on the PSDs of the seeds. However, it is likely that some of the kinetic processes and influence factors contributing to f will be dominating others in the sense that they are constituting the rate-limiting step.
To arrive at a possible simplification for f , we consider the evolution of the solid phase enantiomeric excess over time in an isothermal batch crystallizer. In Figure 2 (left) an 13 In the following, we will treat such curves as the "fingerprint" of a Viedma ripening process and will approximate the dynamics of the process using the e.e.
as the single deciding variable; we therefore simplify Eq. (8) to:
de.e. dt ≈f (e.e.)
Assuming this approximation is valid (which will be checked below), we draw an analogy between the e.e. in a deracemization process and the conversion in liquid phase reactions.
Using this analogy, we can proceed to use a classical chemical reaction engineering (CRE) strategy to arrive at optimized process configurations. In CRE, Levenspiel plots, i.e., plots of conversion against the inverse of the reaction rate, can be used to find the residence time required in a reactor to arrive at a desired conversion (see Levenspiel 41 , Chapter 6, p. 140-14 
In the Levenspiel plot the residence time of an MSMPRC can thus be shown as a rectangle, as exemplified in Figure 2 (middle) for e.e. in = 0 and e.e. out = 0.5. Of course, similar rectangles could be drawn and the respective residence times calculated for a range of values of e.e. out . From the calculated residence times and knowledge of the suspension density, it is possible to calculate the corresponding productivities using Eq. (2) and these data can then be combined into a productivity vs. enantiomeric excess plot as shown in Figure 2 (right). This figure elucidates the tradeoff between enantiomeric excess and productivity.
Since higher enantiomeric excess at the same productivity is always desirable, the lower branch (dashed line) of this curve is dominated by the upper branch (solid line) in a Pareto sense.
In applying this methodology, we have used a fingerprint curve from a batch Viedma ripening process to elucidate the existing tradeoff between enantiomeric excess and productivity in a single ripening stage in flowsheet (B) and we have simplified the description of the dynamics of the Viedma ripening process from a complex integro-differential equation
(Eq. (6)) into a simple arithmetic calculation (Eq. (10)) and a look up table (i.e., data included in the fingerprint curve). These are strong simplifications and a few comments about the limitations and prerequisites of this approach are worth making and the results of this approach need to be validated. First, we point out that the e.e. vs. t curve is dependent on the suspension density and temperature. Hence a batch e.e. vs. t curve should only be used to generate Pareto sets for crystallizers operating at the same suspension density and temperature. Second, the seed particle size distribution should not have a major impact on 15 the e.e. vs. t curve. This means that the overall deracemization process must be slow in comparison to a process that impacts strongly on the PSD. In practice, it would be easiest to increase the attrition rate in a process to ensure this (e.g., by choosing an appropriate wet mill and its operating conditions).
Validation
The suitability of the shortcut method to deliver Pareto optimal enantiomeric excess vs.
productivity data for the specific set of kinetics considered in this work will be evaluated now. To this end, the results of the shortcut method are compared to solutions of the full PBE model. In Figure 3 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 The shape of the curve obtained from the shortcut method is in good agreement with the results obtained from the full PBE model, except for data points which have an enantiomeric excess near zero. For the full PBE model low productivity and zero purity results stem from low residence time simulations, where the feed material is pushed through the crystallizer without Viedma ripening taking place. Conversely, the data points of the shortcut method at low purity stem from the early section in the e.e. vs. t curve where the seed crystals still influence the curve substantially. These facts combined make the misfit between shortcut method and full PBE model at low e.e. unsurprising. This misfit is of little practical consequence. At high enantiomeric purity the shortcut method describes the results of the full PBE model well when they are scaled with a constant factor, i.e.:
P scaled (e.e.) = ωP shortcut (e.e.)
which is shown in Figure 3 (right). In Eq. (11), ω is weakly dependent on suspension density 
Results and discussion
In this section the tradeoff between two KPIs, productivity and enantiomeric purity, will be analyzed for flowsheets (A) and (B) by reporting Pareto optimal solutions using the full PBE model for flowsheet (A) and the shortcut method for flowsheet (B) . We analyze this tradeoff first for cases with a single MSMPRC and pre-crystallization plus one ripening stage (flowsheet (B)) before also considering flowsheet (B) with multiple ripening stages. Finally, in the conclusion section, we will compare all process configurations.
Processes with a single MSMPRC
In our previous study 36 we investigated whether enantiomer separation in single MSMPRC processes following flowsheets (A) and (B) is feasible. In Figure 4 , we present the steady state data obtained from the full population balance equation model again, however now we also quantified the productivity (grey lines) and the suspension density (white lines). In Figure 4 (left), the dissolved racemic starting material is converted either fully to the desired enantiomer (red area, e.e. out = 1), or not at all, when both enantiomers are found in racemic composition in the solid product (blue area, e.e. out = 0). There is no loss of starting material, because the solute is fully recovered using the recycle including the solute )) is shown on the right. In both plots the background color represents the purity in solid e.e. (the scale is the same for both figures and shown on the colorbar in the middle), whereas the grey contour lines give the productivity in kg h −1 m −3 , and the white contour lines the suspension density in kg m −3 . In the grey area on the left no process simulations were performed and the enantiopurity is thus unknown. and racemic steady states lies somewhere in the grey area. As seen from the productivity contour lines crossing the grey section, this will mean that when analyzing the tradeoff between productivity and enantiomeric purity for the PC process, there will be some residual uncertainty with respect to the productivity achievable at enantiomeric purity, as indicated in Figure 5 . In flowsheet (B), Figure 4 (right), on the other hand, the transition from racemic product steady states to higher purity steady states is smooth. The higher the residence time provided for the racemic feed mixture to undergo Viedma ripening, the higher the final product purity.
However, this increase in enantiomeric excess at higher residence times is clearly flattening off, indicating that there are diminishing returns. This means that when striving for high enantiomeric purity, the productivity will decrease, as already shown in the results of the shortcut method (cf. Figure 3) . In this case, the productivity is proportional to the feed 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 the crystallizer. To this end, we investigate the productivity/enantiomeric excess tradeoff of the single stage VR process when running it at a maximum allowable suspension density in Figure 6 .
We report results obtained using the shortcut method at suspension densities of 200 kg m −3
(left, blue lines) and 400 kg m −3 (right, green lines). These results were calculated from batch Viedma ripening curves as depicted in Figure 2 and scaled to describe the MSMPRC case as shown in Figure 3 .
From a CRE perspective the minimum in the Levenspiel plot (cf. Figure 2 (middle))
gives the operating point where a chemical reaction features the highest conversion rate.
For a VR process of flowsheet type (B), where all mechanisms involved in Viedma ripening occur, this can be understood as the point where the most distomer solids convert into the wanted stereoisomer per time. This operation point is found to be at an e.e. of 0.84 for the low and 0.86 for the high suspension density results. In Figure 6 the maximum de.e./dt points are marked with red circles. Enantiomeric excesses higher than at this point can be achieved, but only when sacrificing productivity (solid lines to the left of the red points). Interestingly, we discovered that when aiming at a purity lower than the e.e. where 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 the maximum de.e./dt is found, it is beneficial to operate the MSMPRC at the maximum de.e./dt point, but to divert part of the (racemic) feed material through a bypass. This bypassing with subsequent blending of the solid product from the MSMPRC leads to a reduced enantiomeric purity, but higher productivity (drawn as the solid lines to the right of the red points). Such an operation is in fact advantageous from a productivity standpoint in comparison to operating the MSMPRC directly at lower enantiomeric excess (drawn as the dashed lines). Therefore, the complete solid lines drawn in Figure 6 represent the Pareto sets at the respective suspension density for a single ripening stage in flowsheet (B). All points below these curves are suboptimal. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
Process configurations with multiple ripening stages
As shown in Figure 6 , the productivity of a ripening stage decreases drastically when aiming for high enantiomeric purity. In order to potentially improve this situation, we now consider processes with multiple ripening stages, as drawn in Figure 1 (B) . Cascades of equal-sized crystallizers and cascades where the crystallizer sizes are varied freely will be considered in the following. In order to calculate the productivity of these processes the shortcut method based on the Levenspiel plot will be used again. With reference to Figures 2 and 6 it is clear that a single ripening stage process operated at the maximum de.e./dt point (and using the bypass to reach lower enantiomeric excesses) represents the most efficient process alternative for enantiomeric excesses equal or lower than at this point. For cascades of n MSMPRCs the optimal process configurations can be conveniently found using the shortcut method by solving the following optimization problem:
e.e. i − e.e. i−1
f (e.e. i ) subject to e.e. i ≥ e.e. i−1
e.e. 0 = e.e. in = 0
e.e. n = e.e. out (12) where e.e. i is the solid phase enantiomeric excess at steady state of the i-th MSMPRC and f (e.e. i ) is the slope of the fingerprint curve (Eq. (9)) at the steady state enantiomeric excess found in the i-th crystallizer and e.e. out is the desired e.e. at the end of the cascade. In other words, we select the steady state enantiomeric excesses for all crystallizers so that the sum of the areas of the rectangles in the Levenspiel plot is minimized. The residence times for each crystallizer can then be found using We have drawn all such process configurations for two MSMPRCs in Figure 7 (left) as the dotted line.
The Levenspiel plot for a two MSMPRC cascade reaching e.e. out = 0.98 is drawn in Figure 7 (right) where the residence times of the crystallizers are shown with the rectangles.
That this configuration is more efficient (higher productivity) than a single ripening stage reaching the same enantiomeric excess can be seen from the fact that a single rectangle reaching the same enantiomeric excess has a larger area (higher residence time) than the two MSMPRC cascade drawn in this figure. Note also that the operating point of the first MSMPRC is towards higher e.e. than at the maximum de.e./dt point; in fact, the operating point of the first MSMPRC shifts further away from this point the higher the desired e.e. out .
For a cascade with variably sized MSMPRCs adding more vessels will always be beneficial in increasing productivity at the same e.e. out . In the limiting case of an infinite number of crystallizers (n → ∞) after the maximum de.e./dt point, one would obtain the integral under the curve for the residence time required after the first MSMPRC. However, there will again be diminishing returns for every further crystallizer added. We have drawn this limiting case in Figure 7 using the dash-dotted line.
The second design approach is to use equal sized crystallizers in the MSMPRC cascade.
Using the shortcut method, we have drawn these process configurations in the productivity vs. enantiomeric excess plot as a dashed line in Figure 8 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 cascade with n crystallizers with equal residence times (n ≥ 3; τ 1 = τ 2 = · · · = τ n ) is always worse than the performance of a single MSMPRC of residence time nτ 1 . We now possess a complete picture of the performance of the different process variants presented in Figure 1 and are drawing conclusions in the final section of this work.
Concluding remarks
In this work Pareto-optimal operating strategies for both, the PC and VR process, were presented, where we have focused on two key performance indicators, enantiomeric purity of the produced solids and the productivity of the process configurations. In generating these results, we highlight that the same kinetics and the same phase diagram have been used for both process types, which is the only way an unbiased comparison can be made. For the flowsheet presented in Figure 1 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 (B), n ! 1 (B ), n = 1 Figure 9 : Comparison of Pareto-optimal operating strategies with respect to solid phase enantiomeric excess and productivity for the PC process (black dashed lines, cf. should be noted that the Pareto sets presented for the ripening stages do not take the precrystallization stage into account, i.e., these Pareto sets must be understood as optimistic, because the pre-crystallization stage itself has a finite productivity. Even with this optimistic interpretation of the data, we conclude that the PC process outperforms the processes that rely on ripening stages in terms of productivity; at least for the specific set of kinetics chosen in this work. That said, the PC process operates away from the thermodynamic equilibrium and the process conditions must be tuned in a way that no substantial nucleation of the distomer occurs in the crystallizer. Unfortunately, the highest productivity points (close to 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 the step in Figure 9 ) are where this balance is most delicate. Therefore, the operation of the process with ripening stages might still be worthwhile in cases where process robustness is the major concern. In such cases, a tradeoff between process robustness and productivity should be sought (we have not tried to quantify such a tradeoff in the present work).
In developing the results mentioned above, the computational burden of the full population balance equation model has motivated us to design a shortcut method that is computationally fast, but still yields adequate results. We have shown that such a model can be established from a single simulation run of a batch Viedma ripening process using the full process model and well known chemical reaction engineering principles. We have shown that the results of the shortcut method emulate the results obtained from the full process model very well, at least for the set of kinetics parameters considered here. The limits of validity of this shortcut method will be the subject of future work. Apart from the reducing the computational burden of the full process model, the shortcut method-if it turns out to be generally applicable-has wider implications. Measuring the phase diagram data, as well as estimating all kinetic parameters (for growth, agglomeration, breakage, etc.) in the full process model with reasonable precision requires a significant amount of experimental data. In contrast to that, the shortcut method requires only minimal data. It is therefore conceivable to use an enantiomeric excess vs. time trajectory obtained from an isothermal batch Viedma ripening experiment to arrive at Pareto-optimal processes in terms of productivity and enantiomeric excess. If more in depth data is required (e.g., about the particle size distribution), the full process model would, however, still be required. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 For productivity, P h kg (B), n ! 1 (B ), n = 1 Synopsis: Several continuous processing variants that enable the separation of enantiomers forming conglomerates in the solid state are presented. The process configurations are quantitatively assessed based on the attainable enantiomeric excess and productivity and Paretooptimal solutions are reported. It is shown that such Pareto-optimal solutions can be rapidly obtained using a shortcut method rather than a mechanistic population balance equation model. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
